Periodontitis is characterized by the progressive destruction of tooth-supporting alveolar bone, which is mainly caused by chronic inflammation in response to persistent bacterial insult. It has recently become clear that the pathogenesis of periodontitis is associated with a high ratio of proinflammatory M1 (classically activated) macrophages to anti-inflammatory M2 (alternatively activated). To decrease the inflammatory activity, we locally delivered the C-C motif chemokine ligand 2 (CCL2) using controlled-release microparticles (MPs). CCL2 is known to promote chemotaxis of M0 or M2 phenotype macrophages to the inflamed site and induce M2 phenotype polarization locally. Our in vitro data showed that CCL2 increased the number of M2 phenotype macrophages, decreased TNF-α secretion, and enhanced chemotaxis of RAW264.7 cells toward CCL2 MPs. Moreover, we induced periodontal disease in 2 animal models through inoculation of Porphyromonas gingivalis and ligature around the murine molar. Micro-computed tomography analysis showed significant reduction of alveolar bone loss in the CCL2 MP treatment group when compared with a blank MP group and a no-treatment periodontitis group in both models. Immunohistologic analysis showed a significant increase in the M2 phenotype subset and a decrease in the M1 phenotype subset in the CCL2 MP group of the P. gingivalis-induced model. Also, in both models, tartrateresistant acidic phosphatase staining showed significantly fewer numbers of osteoclasts in the CCL2 MP group in alveolar bone area. Moreover, quantitative polymerase chain reaction results showed a significant increase in IL-1RA (interleukin 1 receptor antagonist) mRNA expression and a decrease in RANKL (receptor activator of nuclear factor kappa-Β ligand) mRNA expression in the CCL2 MP group in the ligature model. In summary, manipulation of endogenous M2 phenotype macrophages with CCL2 MPs decreased the M1 phenotype:M2 phenotype ratio and prevented alveolar bone loss in mouse periodontitis models. The delivery of CCL2 MPs provides a novel approach to treat periodontal disease.
Introduction
Periodontitis is characterized by the progressive destruction of tooth-supporting alveolar bone, which may eventually lead to tooth loss. Approximately 46% of adults aged ≥30 y in the United States suffer from periodontitis (Eke et al. 2015) . Moreover, periodontal diseases may increase the risk of diabetes, cardiovascular disease, and preterm birth (Pihlstrom et al. 2005; Kuo et al. 2008) . For treatment of periodontitis, eliminating pathogens and reestablishing normal oral flora has been the focus (Pihlstrom et al. 2005) . Current standard treatment includes scaling and root planning, sometimes combined with adjunctive therapies such as systemic or local administration of antimicrobials (Smiley et al. 2015) . However, considering the periodontitis recurrence rate, the nonresponding patient rate, and the growing concerns surrounding antibiotic resistance and overuse, we sought an alternative strategy for periodontitis treatment (Haffajee et al. 2004; Johnson et al. 2008; Varela et al. 2011) .
In the pathogenic progression of periodontitis, bacterial infection initiates inflammation. However, the host immuneinflammatory response is what initially contributes to periodontium destruction (Kinane 2001; Pihlstrom et al. 2005; Garlet 2010 ). Specifically, cytokines such as TNF-α, IL-1β, and IL-6 trigger upregulation of the primary tissue destruction mediators. With the increased understanding of the determinate role of inflammation in periodontitis, considerable attention has been devoted to modulation of host immune response. Therapeutic blockade of proinflammatory cytokines TNF-α and IL-1 (Assuma et al. 1998; Delima et al. 2001) , injection of anti-inflammatory cytokine IL-11 (Martuscelli et al. 2000) , activation of inflammation downregulator PPAR-γ (proliferator-activated receptor-gamma; Di Paola et al. 2006; Hassumi et al. 2009) , and recruitment of immune-modulatory regulatory T cells (Glowacki et al. 2013 ) were reported to reduce alveolar bone loss in diverse animal periodontitis models. All these findings support the concept that balancing immune response in periodontitis could serve as an alternative treatment strategy.
In this study, we hypothesized that modulation of the macrophage phenotype will effectively decrease the inflammatory response, since macrophages activated by sustained microbial challenge in the periodontitis microenvironment are one of the major sources for these destructive cytokines (Graves and Cochran 2003; Graves 2008) . Macrophages are a group of phenotypic heterogenic cells, which are classified into 2 major subsets, depending on the stimuli: classically activated (M1) and alternatively activated (M2) (Gordon 2003; Stein et al. 1992; Martinez and Gordon 2014) . M1 and M2 macrophages are the 2 extremes of the function continuum, with different mRNA expressions (Biswas et al. 2006 ) and proteome profiles (Zhang et al. 2015) .
Specifically, M1 macrophages facilitate pathogen elimination by phagocytosis, stimulating the activation of polymorphonuclear neutrophils and T cells and producing proinflammatory cytokines such as IL-1β, IL-6, and TNF-α (Sima and Glogauer 2013) . Also, M1 macrophages aid in osteoclast activation by secreting the cytokines that promote the Th1 response and stimulate preosteoclasts. This results in elevated receptor activator of nuclear factor kappa-Β ligand (RANKL) expression and bone destruction (Adamopoulos and Mellins 2015) . M2 macrophages are involved in inflammation resolution and tissue regeneration by secretion of anti-inflammatory mediators such as interleukin 1 receptor antagonist (IL-1RA; Mantovani et al. 2004) . In periodontitis, M1 macrophages are the predominant type, as shown in mouse and nonhuman primate experimental periodontitis models (Lam et al. 2014; Gonzalez et al. 2015) and human specimens (Yang et al. 2017 ). In addition, M1 was shown to play a role in periodontal disease (Yamaguchi et al. 2016) . The activation of M1 macrophages is suggested to contribute to the initiation and maintenance of a proinflammatory state during chronic periodontitis (Lam et al. 2016) .
Accordingly, we aim to develop a method for creating a local environment that induces M2 phenotype polarization to convert the impaired M1 phenotype:M2 phenotype ratio in the periodontitis microenvironment. C-C motif chemokine ligand 2 (CCL2) is a long-known macrophage chemoattractant (Deshmane et al. 2009 ) recently reported to be associated with macrophage polarization (Roca et al. 2009) . In this study, we analyzed the effect of CCL2 on inducing macrophage polarization toward the M2 phenotype, as well as the effects of CCL2-releasing microparticles (MPs) on the prevention of alveolar bone resorption, in murine periodontitis models.
Materials and Methods

Cell Culture
Mouse macrophage cell line RAW264.7 (ATCC TIB-71) was cultured in DMEM (Life Technologies) containing 10% fetal bovine serum (Atlanta Biologicals), 1% penicillin and streptomycin (Life Technologies), and 1% L-glutamine (Life Technologies).
Mouse bone marrow macrophages were collected by flushing bone marrow cells out of the femur and tibia of CD1 female mice; then, red blood cells were removed with a lysing solution (eBioscience). Monocyte-and macrophage-lineage cells were sorted with CD11b magnetic beads (Miltenyi Biotec Inc). CD11b+ cells were cultured in Dulbecco's modified Eagle's medium (DMEM) and supplemented with 10 ng/mL of murine macrophage colony-stimulating factor (Peprotech), 10% fetal bovine serum, 1% penicillin and streptomycin, 1% HEPES (Life Technologies), and 2% minimum essential medium (MEM) nonessential amino acids (Life Technologies). The medium was changed every other day.
In Vitro Analyses of Biological Effects of CCL2 on Macrophages
M2 Phenotype Polarization. Mouse bone marrow-derived macrophages were stimulated with 10 ng/mL of CCL2-containing medium or normal culture medium for 48 h after 1 h of serum starvation. Cells were then stained with PE/Cy7 anti-mouse CD86 (BioLegend) and PE anti-mouse CD206 (BioLegend) or isotype control antibodies after Fc antigen blocking. Flow cytometry was performed on an LSR-II flow cytometer (BD Biosciences), and data analysis was done with FlowJo software. The experiment was repeated 3 times with different mice (biological triplicates). Each biological sample was assessed in triplicates (technical triplicates). In addition, TNF-α secretion from RAW264.7 cells after CCL2 stimulation was analyzed with an ELISA kit. RAW264.7 cells, in triplicates, were treated with 100 ng/mL of lipopolysaccharide for 24 h for M1 activation. Subsequently, cells were treated with 10 or 15 ng/mL of CCL2-containing serum-free medium for 24 or 48 h. The amount of TNF-α in the supernatant was determined by an ELISA kit (R&D Systems). This experiment was repeated twice.
Cell Migration Assay. RAW 264.7 cells were placed on the upper chambers of Transwell plates with a 5-µm pore (Corning Life Sciences) and serum-free DMEM containing 10 ng/mL of recombinant mouse CCL2 (rmCCL2) peptide (R&D System) or 10 ng/mL of CCL2 released from poly(lactic-co-glycolic acid) (PLGA) MPs. These were placed in the lower chambers. Serum-free DMEM medium and that containing the same amount of blank PLGA MPs were used as controls. After 3 h of incubation, cells that had migrated to the bottom side of the membrane were stained with DAPI. Images were taken under 200× final magnification with 6 random fields for each membrane (Eclipse TE2000-E; Nikon Instruments). The number of cells was determined with ImageJ (National Institute of Health).
CCL2 PLGA MP Fabrication and Characterization
rmCCL2-releasing PLGA MPs were fabricated with a wateroil-water double-emulsion procedure as described previously (detailed in Appendix 1; Glowacki et al. 2013) . The aqueous phase contained 28 µg of rmCCL2 and 15mM NaCl in 200 µL of 1% (wt/vol) bovine serum albumin solution. The oil phase contained 200 mg of PLGA (719897-5G; Sigma-Aldrich) in 4 mL of dichloromethane. Scanning electron microscopy (JSM-6330F; JEOL) was used to determine the surface character of the MPs. A volume impedance test (Multisizer-3; Beckman Coulter) was conducted to determine the size distribution of the MPs. For CCL2 releasing assay, 10 mg of rmCCL2-containing PLGA MPs were dissolved in 1 mL of phosphatebuffered saline (PBS) and incubated at 37 °C on a rotator. The supernatant was taken out daily and replenished with an equal amount of fresh PBS. The amount of CCL2 in the supernatant was measured with an ELISA kit (R&D Systems).
Murine Periodontal Disease Models
All animal experiments were approved by the Institutional Animal Care and Use Committee at the University of Pittsburgh (protocols 14073096 and 15053781). All animals in this experiment were wild-type BALB/c mice aged 6 to 8 wk, purchased from Jackson Laboratory, and maintained in the Division of Laboratory Animal Resources animal facility during the whole experiment period.
Porphyromonas gingivalis-Induced Mouse Periodontitis Model.
This Porphyromonas gingivalis (Pg)-induced murine periodontitis model was established as previously described (Glowacki et al. 2013) . Briefly, mouse periodontitis was induced by oral inoculation of Pg (ATCC 33277) resuspended at 1 × 10 11 colony-forming units in BBL brain heart infusion agar (BD Biosciences) containing 2% carboxymethylcellulose, 3 times at 48-h intervals (described in Appendix 2).
Ligature-Induced Periodontitis Model. BALB/c mice underwent
anesthesia by intraperitoneal injection of a mixture containing 66.7 mg/kg of ketamine and 6.7 mg/kg of xylazine. Silk suture (6-0; Henry Schein) was then placed around the left maxillary second molar. The contralateral molar was left unligated and used as healthy control. The ligatures were kept in the same place throughout the duration of the experiment.
PLGA MP Administration
Mice were anesthetized by the ketamine-xylazine mixture. In the Pg-induced periodontitis model, 50 µL of solution containing 5 mg/mL of MPs in PBS with 2% carboxymethylcellulose was injected with a 28.5G insulin syringe into gingival tissue at the mesial side of the first molar, the distal side of the third molar, and the 2 interdental sites. The injection was made on the left and right sides of the maxillae. MPs were administrated on days −1, 20, and 40 relative to the first bacteria inoculation. The mice were sacrificed on day 60. In the ligature-induced periodontitis model, a 50-µL solution containing 5 mg/mL of MPs was injected into the gingival tissues surrounding the ligated tooth of the left maxillae on the same day of ligature placement, and mice were sacrificed on day 8. All MP injections in mice were conducted under stereomicroscope.
Micro-computed tomography
Mouse maxillary alveolar bone was fixed in 10% neutral buffered formalin for 24 h and then transferred into 70% ethanol for scanning with a micro-computed tomography system (vivaCT 40; SCANCO Medical) with a resolution of 10.5 µm and 55 kVp. All scans were reoriented with DataViewer (GE Healthcare) to the same position for bone loss evaluation. The images were reoriented with anatomic landmarks, and the distance between cementoenamel junction and alveolar bone crest was measured at a 52.5-µm interval (details in Appendix 3).
Quantitative Polymerase Chain Reaction
From the ligature-induced periodontitis model, the ligated sides of the mouse maxillary alveolar bones with gingival tissue attached were harvested and immediately frozen in liquid nitrogen. The RNA was extracted with the QIAshredder and RNeasy Mini Kit (Qiagen). Quantitative polymerase chain reaction was conducted with TaqMan One-Step RT-PCR Master Mix Reagents (Applied Biosystems) on a QuantStudio 6 Flex RealTime PCR system (Thermo Fisher Scientific), and all primers and probes were purchased from TaqMan (Applied Biosystems). Data analysis was done with the delta-delta Ct method.
Histologic and Immunostaining Analysis
Maxillae samples from Pg-and ligature-induced periodontitis models were demineralized and embedded in paraffin; 4-µm-thick sagittal sections were made for histologic and immunostaining analysis. Osteoclasts were stained with the TRAP Kit (387A-1KTF; Sigma Chemical Co) following the manufacturer's instructions with hematoxylin Gill 3 (SigmaAldrich) counterstaining. The number of osteoclasts (tartrateresistant acidic phosphatase-positive cells) per square millimeter of alveolar bone surface was counted (details in Appendix 4). Samples from the Pg-induced periodontitis model were used to determine macrophage population changes under the influence of CCL2 MPs. Briefly, sagittal section slides were stained with goat-anti-mouse CD206 antibody (AF2535; R&D Systems), donkey anti-goat IgG Alexa Flour 594 (Invitrogen), F4/80 antibody (MCA497R; AbD Serotec; Austyn and Gordon 1981) , donkey anti-rat IgG Alexa Flour 488 (Invitrogen), and DAPI. Microscopic images were taken with a fluorescent microscope (Eclipse TE2000-E; Nikon Instruments), and positively stained cells were counted with ImageJ software (described in Appendix 5).
Statistical Analysis
Statistical analysis was conducted with SPSS Statistics 23 (IBM). All data obey normal distribution, as determined by Levene's test. One-way analysis of variance was followed by Tukey's honestly significant difference post hoc test, which used to compare variances from multiple groups. Student's t test was used to compare variances between the groups. For correlation analysis, Pearson productmoment correlation was conducted. All statistical significance was considered at P < 0.05.
Results
CCL2 Induces Polarization of Mouse Macrophages toward CD206+ M2 Phenotype
After 48 h of CCL2 (10 ng/mL) treatment, the CD206+/CD86-cell population increased by an average of 4.177% (SD, 1.26%; Fig. 1A) . As for the CD206 mean fluo rescent intensity marker, the ratio of CCL2-treated macrophages to that of unstimulated macrophages was 1.35 (P < 0.05; Fig. 1B) . Also, after 24 or 48 h of 10-or 15-ng/mL CCL2 treatment, lipopolysaccharide-stimulated M1 phenotype RAW264.7 cells secreted a significantly smaller amount of TNF-α (Fig. 1C, D) .
Characterization of CCL2 PLGA MPs
As shown in the scanning electron microscopy images (Appendix Fig. 1A, B) , the CCL2 MPs were spherical in shape and porous on the smooth surface and inside. Size distribution testing confirmed that the mean size of the MPs was 14.44 μm (SD, 5.22 μm; Appendix Fig. 1C) .
The release profile of CCL2 showed a burst release in the first 72 h, continued by a slow and steady release phase, then a lag phase of quick release up to 71 d when the particles were completely dissolved (Fig. 1E ).
As shown in Figure 1F , the soluble CCL2 group and the CCL2 MP group had significantly higher numbers of cells migrated to the bottom side of the membrane as compared with controls (untreated and blank MPs). Relative CD206 MFI ratio of CCL2-treated macrophages to no cytokine-treated macrophages. From 3 repeated experiments; error bar indicates SD. *P < 0.05 by Student's t test. The lipopolysaccharide (LPS)-stimulated, high TNF-α-secreting RAW264.7 macrophages were used as M1 phenotype macrophages in this experiment. RAW264.7 cells cultured in a LPS-free, CCL2-free environment were used as M0. After LPS stimulation, the M1 phenotype macrophages were treated with a medium containing 10 or 15 ng/mL of CCL2. Concentrations of TNF-α in supernatant were determined by ELISA. Either 1 d (c) or 2 d (d) after CCL2 treatment, TNF-α secretion from M1 phenotype macrophages was significantly reduced as compared with untreated M1 phenotype macrophages for both CCL2 concentrations tested. Each group is triplicated; error bar indicates SD. *P < 0.05 by 1-way ANOVA, post hoc Tukey HSD test. For release profile of the MPs, CCL2 MPs were dissolved in phosphate-buffered solution; the supernatant was collected on a daily basis; and the amount of CCL2 released was detected by ELISA. (e) The cumulative amount of CCL2 released from 1 mg of CCL2 PLGA MPs. Cell migration assay was used to test CCL2 MP bioviability. RAW264.7 cells were cultured in Transwell plates, and 10 ng/mL of CCL2 protein in serum-free medium was put into the lower chamber. CCL2 MPs were incubated in serum-free medium for 72 h at 37° in a 5% CO 2 incubator, and the supernatant was used for the migration assay. The amount of CCL2 MPs was measured by ELISA assay to ensure an equal amount of CCL2 in the supernatant and positive control. Blank MPs resolved in serum-free medium (equal incubation time, condition, and MP weight as those of CCL2 MPs) and serum-free medium served as controls. (f) CCL2 released from MPs retained strong chemotaxis ability when compared with medium control and blank MP control, with no statistical difference as compared with an equal amount of CCL2. Each group is triplicated; error bar indicates SD. ***P < 0.001 by 1-way ANOVA, post hoc Tukey HSD test. ANOVA, analysis of variance; CCL2, C-C motif chemokine ligand 2; HSD, honestly significant difference; M1, classically activated macrophage; M2, alternatively activated macrophage; MP, microparticle.
CCL2-Releasing MPs Inhibit Alveolar Bone Resorption in a Murine Periodontitis Model
In the Pg-induced model, we observed that mice that received CCL2 MPs showed significantly reduced alveolar bone resorption when compared with the control groups (untreated or blank MPs) on the buccal side and interdental space ( Fig.  2A-C) .
In the ligature-induced mouse periodontitis model, administration of CCL2 MPs significantly reduced the alveolar bone loss around the second molar when compared with untreated or blank groups (Fig. 2D, E) . Furthermore, as shown in Figure 3A and B, CCL2 MP injection indeed increased the M2 phenotype ratio. Intriguingly, there was no significant difference in pan-macrophages among groups (Fig. 3C ).
CCL2-Releasing MPs Reduce Numbers of Osteoclasts in the Alveolar Bone Region
With the Pg-induced periodontitis model, we observed that the number of osteoclasts was decreased significantly in the CCL2 MP group when compared with untreated or unloaded MP injection groups. In addition, our CCL2 MPs had the effect of reversing the osteoclast number in the periodontitis environment (Fig. 4A, B) . Furthermore, there was a positive correlation between the number of osteoclasts and alveolar bone loss (r = 0.623, P = 0.018, n = 18; Fig. 4C ). Overall, there was a moderate but significant correlation between periodontal osteoclast numbers and alveolar bone loss severity, with a correlation efficiency of 0.623. A significant decrease in osteoclast number in the CCL2 MP group was also observed in the ligature-induced model (Fig. 4D, E) .
CCL2-Releasing MPs Alter Gene Expression of Periodontium toward an Anti-inflammatory Profile
Quantitative polymerase chain reaction results showed that the group with CCL2 MP injection expressed a significantly higher anti-inflammatory marker, IL-1RA, when compared with untreated control and blank PLGA control groups (Fig.  5A) . In the meantime, we also observed a significantly lower mRNA expression level of RANKL in the CCL2 MP group (Fig. 5B) . The untreated group consisted of mice that were inoculated with Pg but did not receive an MP injection. The blank group consisted of mice inoculated with Pg that also received a blank MP injection. The CCL2 group consisted of mice that were inoculated with Pg and received a CCL2 MP injection. Mice in the no-Pg, no-PLGA group served as healthy controls. n = 5-8 mice, *P < 0.05, **P < 0.005 by 1-way ANOVA and a post hoc Tukey HSD test. (d) Representative microCT 3D reconstruction pictures of mouse molars from ligature model. (e) Linear measurements of CEJ-ABC distance were conducted around the second molars on transaxial and sagittal sections along the buccal, palatal, and interdental axes. Bone loss was determined by subtracting the ligated-side CEJ-ABC distance from the healthy contralateral side, based on measurements from microCT scans. n = 6 mice, *P < 0.05, 1-way ANOVA, followed by a post hoc Tukey HSD test. Error bars indicate SD. ANOVA, analysis of variance; CCL2, C-C motif chemokine ligand 2; CEJ-ABC, cementoenamel junction-alveolar bone crest; HSD, honestly significant difference; microCT, micro-computed tomography; MP, microparticle; Pg, Porphyromonas gingivalis.
Discussion
It was reported that the macrophage phenotype is plastic and that signals from the surrounding microenvironment have an influence on its activation and function (Sica and Mantovani 2012; Martinez and Gordon 2014) . CCL2 has recently emerged as an M2 phenotype polarization inducer, besides being a potent chemoattractant for the monocytemacrophage lineage. In our study, we hypothesized that the local controlled delivery of CCL2 would recruit M0 and M2 phenotype macrophages to the inflamed site, induce M2 phenotype differentiation, and prevent alveolar bone loss. As depicted in Figure 5C , we propose that homing of M0 and M2 phenotype macrophages and the increase of M2 phenotype macrophages would decrease the production of proinflammatory cytokines from the M1 phenotype macrophages and increase the production of anti-inflammatory cytokines from M2 phenotype macrophage. Therefore, this change of cytokine profile would shift the inflammatory profile toward protective and reduce osteoclastic activity and subsequent bone loss (Fig. 5C ). To prove this hypothesis, we first demonstrated that CCL2 induces M2 phenotype characters of murine macrophages in vitro. Furthermore, the viability of the CCL2 protein released from the PLGA MPs was confirmed with macrophage chemotaxis assay, which turned out to be as effective as rmCCL2 of the same amount in the matter of macrophage recruitment.
To confirm that our CCL2-releasing MPs have the ability to induce M2 phenotype macrophage polarization and change in situ, we tested the CCL2 MP murine periodontitis models.
Indeed, CCL2 MPs could effectively inhibit inflammation-mediated alveolar bone loss in the Pg-and ligature-induced periodontitis models. Furthermore, we confirmed that local administration of CCL2-releasing MPs increased the number of M2 phenotype with the Pg-induced periodontitis model.
Immunofluorescent staining of M2 phenotype macrophage-specific marker CD206 and pan-mature macrophage marker F4/80 revealed the presence of different macrophage subsets in periodontium and the changes of their presence in the periodontitis condition with CCL2 MP treatment. The increase in the M2 phenotype population and the decrease in the M1 . AB, alveolar bone; DP, dental pulp; GP, gingival papillae; M, molar. Quantitative analysis of M2 phenotype macrophage percentage in gingival papillae per high-power field and M1 phenotype macrophage percentage (b), as well as M1 phenotype:M2 phenotype ratio (c). After CCL2 MP treatment, M2 phenotype percentage was increased. M1 phenotype percentage and M1 phenotype:M2 phenotype ratio both decreased, while no changes were made on the total load of macrophages when compared with untreated control or blank MP control. n = 3; *P < 0.05 and **P < 0.005 by 1-way analysis of variance and a post hoc Tukey honestly significant difference test. Error bars indicate SD. CCL2, C-C motif chemokine ligand 2; M1, classically activated macrophage; M2, alternatively activated macrophage; MP, microparticle; Pg, Porphyromonas gingivalis.
phenotype:M2 phenotype ratio suggested that CCL2 MP treatment changed the local macrophage population from M1 phenotype predominant to M2 phenotype predominant. In addition, we speculate that the stable number of total macrophages under CCL2 stimulation indicates redirecting local macrophage polarization toward the M2 phenotype rather than recruiting M2 phenotype macrophages.
Our goal in this article is to show that recruiting M2 macrophages could be a potential therapy for periodontal disease. Regulating the immune response is a fascinating field and is rapidly evolving; our understanding of the role of macrophages and the various subtypes (M2a, b, and c) is extremely important and interesting and will be addressed in future studies. The more that we understand these cells, the better our therapy can be targeted.
The ligature-induced mouse periodontitis model is known for its quick and aggressive alveolar bone loss after ligature placement (Abe and Hajishengallis 2013) . With this ligature model, we observed that net bone loss was significantly reduced by CCL2 MP administration as compared with an untreated control group and the blank PLGA MP-injected group.
Interestingly, the number of osteoclasts decreased significantly in CCL2 group in accordance with the amount of bone loss. Furthermore, 8 d after ligature placement, we observed that IL-1RA expression was significantly increased by CCL2 MPs as compared with untreated and blank MPs and healthy control. A recent study reported that IL-1RA could also promote macrophage polarization toward M2 phenotype (Luz-Crawford et al. 2016 ). In such a case, upregulation of IL-1RA in periodontal tissue could facilitate an additional polarization effect of local macrophages toward M2 phenotype. As for bone destruction markers, we found that the untreated group and blank PLGA group had an increased mRNA expression level of RANKL versus the healthy control group, which was consistent with previous reports and also explained the periodontitis-associated alveolar bone loss (Cochran 2008) . Notably, the RANKL expression level was significantly decreased in the CCL2 MP group when compared with the untreated group and a blank MP group. Importantly, we observed 2 of bone surface area among treatment groups; healthy and CCL2 formulation-treated groups had statistically fewer osteoclasts than either the untreated group or the blank PLGA MP group. n = 6/group. **P < 0.005 by 1-way ANOVA, post hoc Tukey HSD test. Error bars indicate SD. ANOVA, analysis of variance; CEJ-ABC, cementoenamel junction-alveolar bone crest; CCL2, C-C motif chemokine ligand 2; HSD, honestly significant difference; MP, microparticle; Pg, Porphyromonas gingivalis; TRAP, tartrate-resistant acidic phosphatase. a similar osteoclast number decrease and inhibition of inflammation-associated alveolar bone resorption in the Pg model and the ligature model, which indicates the efficacy of CCL2 MPs on both relatively rapid and slow bone resorption.
In conclusion, manipulation of endogenous M2 phenotype macrophages with CCL2 MPs decreased the M1 phenotype:M2 phenotype ratio and prevented alveolar bone loss in mouse periodontitis models. Thus, the delivery of CCL2 MPs provides a novel approach to treat periodontal disease. Figure 5 . The sustained CCL2 release formulation leads to an increased mRNA expression of anti-inflammatory marker IL-1RA and decreased mRNA expression of osteoclast activity marker RANKL. mRNA expression of (a) IL-1RA and (b) RANKL in half maxilla as measured by quantitative PCR. The mRNA expression levels were compared by the value of 2(−ΔΔCt), with the healthy control group normalized to 1 and GAPDH as endogenous control. n = 9 or 10 mice; *P < 0.05 by 1-way analysis of variance, followed by post hoc Tukey honestly significant difference test. Error bar indicates SD. (c) The CCL2 released from MPs creates a gradient of CCL2 in the gingival soft tissue and attracts M0 and M2 phenotype macrophages to the inflamed site. Also, the accumulated CCL2 induces phenotypical polarization of M0 and M1 phenotype macrophages to M2 phenotype macrophages. The increased population of M2 phenotype macrophages (proved by immunohistochemistry) in the periodontal tissue decreases osteoclast number and activity (proved by micro-computed tomography, tartrateresistant acidic phosphatase staining, and quantitative PCR). The possible crosstalk between macrophages and osteoclasts needs further investigation. CCL2, C-C motif chemokine ligand 2; IL-1RA, interleukin 1 receptor antagonist; M1, classically activated macrophage; M2, alternatively activated macrophage; MP, microparticle; PCR, polymerase chain reaction.
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